Theory concerning the evolution of sex and recombination and mutation load relies on information on rates and distributions of effects of deleterious mutations. Direct information on the genomic mutation rate in Drosophila implies that an accumulation of mildly deleterious mutations reduces viability of populations by at least 1% per generation. We carried out an experiment to measure the deleterious mutation rate in Caenorhabditis elegans, in which independent sublines were maintained with one hermaphrodite parent per generation, conditions that minimize the opportunity for natural selection and lead to random fixation of deleterious mutations. After 60 generations of mutation accumulation, negligible changes in mean reproductive output and lifespan occurred, but the genetic variance increased at rates typical for life history traits in other species. The estimated deleterious mutation rate per haploid genome for fitness, U, was 0.0026, a figure two orders of magnitude smaller than previously measured for viability in Drosophila.
Despite its importance for evolutionary theory concerning the evolution of sex and recombination (1, 2) , maintenance of variation (3, 4) , and mutation load (5-7), direct information on rates and distributions of effects of deleterious mutations in eukaryotes comes exclusively from experiments in Drosophila in which replicated second chromosomes are allowed to accumulate spontaneous mutations sheltered from selection by a balancer chromosome (8) (9) (10) . These experiments are widely interpreted as demonstrating that mildly deleterious mutations occur at the rate of Ϸ1 event per diploid genome per generation (i.e., at least 20 times more frequently than lethals), with average effects on viability of 1-2% (5-7). Indirect estimates of deleterious mutation rates in naturally self-fertilizing plants based on relative fitnesses of selfed and outbred progeny also imply a deleterious mutation rate of Ϸ1 (11) but rely on the assumption that populations are at mutation-selection balance (12) . The estimated mutation rates and mean effects frequently are assumed in population genetics and evolutionary models (1) (2) (3) (4) (5) (13) (14) (15) . For example, the deterministic mutation hypothesis for the evolution of sex depends on a deleterious mutation rate greater than 1 (1) , but the ability of small populations to persist, faced by such an accumulation of deleterious mutations, is problematical (13) (14) (15) .
The primary aim of this study was to estimate the rate of change of mean and variance of lifetime reproductive output due to the fixation of newly arising mutations in Caenorhabditis elegans. The experiment also allowed an estimate for U (estimated deleterious mutation rate per haploid genome for fitness) to be obtained and inferences to be made on the nature of the distribution of mutation effects (16) . Spontaneous mutations were allowed to accumulate in 50 independent lines derived from an inbred progenitor maintained for 60 generations by transfer of single, randomly picked hermaphrodite larvae. A self-fertilized parent was therefore the sole contributor to the next generation. By maintaining the lines with only one parent per generation, competition among larvae was kept to a minimum. Furthermore, because the effective population size for each mutation accumulation (MA) line is 1, random sampling of gametes dominates selection among offspring. Fates of new mutations, with the exception of those with lethal or nearly lethal effects, depend largely on chance (Fig. 1 ). For example, mutations with a selective disadvantage in the homozygote of 50% are expected to be fixed two-thirds as frequently as neutrals; mildly deleterious mutations (with effects, say, Ͻ10%) become fixed at essentially the same rate as neutrals. Thus, the experimental design does not allow measurement of the rate of lethal or severely deleterious mutations but focuses on the overall effect on fitness traits of fixation of the more frequent class of mutation thought to be responsible for the bulk of mutation load in Drosophila (5-7).
By taking advantage of the fact that C. elegans can be kept frozen at Ϫ70ЊC, we carried out assays for reproductive output and lifespan in the MA lines contemporaneously for worms from several generations. The productivity trait measured was closely related to fitness because it included viability of the parents after the L3 stage, fertility of the parents, and viability of their offspring up to the age at which they were counted (L3: young adult stage). We also measured mutational effects on lifespan, a life history trait potentially related to fitness. Both traits show high levels of genetic variation between laboratory populations derived from separate wild isolates (17) although the level of variability within natural populations is unknown.
MATERIALS AND METHODS
Strains and Culture Conditions. A wild-type N2 strain of C. elegans was the progenitor strain for the MA experiment. The MA lines were maintained and life history traits were assayed on MYOB Agar plates (18) . The food source for the worms was a 25-l spot of a suspension of Escherichia coli strain OP50 allowed to grow overnight (19) . During the 7 months of the MA phase of the experiment, cultures were maintained at 25ЊC; because of ambient conditions, occasional temperature fluctuations to 26ЊC occurred between generations 25 and 45.
Mutation Accumulation. From a single inbred progenitor (generation 0), 50 MA lines of a single hermaphrodite parent each were maintained for 60 generations by twice-weekly transfer of single L3 larvae picked at random from a position near the edge of the worms' food. In cases in which a parental worm failed to produce progeny (1 in 14, on average), an L3 larva was substituted from the plate from the previous generation. Competition among progeny would potentially be more severe in these cases, but 85% of mutants never segregate in such conditions (with N ϭ 1, most mutants are fixed or lost in three generations). Furthermore, competition would not affect fates of mildly deleterious mutations because fates of mutants are dominated by random sampling unless their selective values approach 1 ( Fig. 1) . At generations 0, 32, and 60, cultures were cryopreserved (19) and kept at Ϫ70ЊC until the lifetime reproductive output and lifespan assays.
Reproductive Output Assay. Before the assay, after thawing, 48 MA lines from generation 60 (two lines were lost during the MA phase), 34 lines from generation 32, and 40 replicates from generation 0 were maintained synchronously at 20ЊC for three generations. A complete set was not available from generation 32 because of a freezer fault. Productivity was assayed contemporaneously for all mutation accumulation lines. For each line, four hermaphrodites were allowed to lay eggs on a plate for Ϸ2 h and then were removed. After 44 h, hermaphrodite progeny, which were at the L3 stage, were transferred to plates in pairs and transferred 48 h later and at 24-h intervals for the duration of their reproductive period. The daily progeny were counted from hour 46 after transfer of their parents and were in the range of 46-70 h post egg lay. To prevent further growth, plates were kept at 4ЊC until the time of counting. For each line, there were two replicates in the assay, and the whole assay was performed twice (i.e., a total of eight parents were assayed per line). Counting was performed manually with the plates cooled to inhibit the worms from moving. The correlation between counts made as above and counts made by handpicking was 99% (n ϭ 27). Plates were randomized and randomly allocated between two measurers, and counters were blinded to line or generation identities. A total of 248,992 progeny was counted.
Lifespan Assay. The parents for the productivity assay also were used in a lifespan assay, which was performed at 20ЊC throughout, with a design similar to that described by Johnson and Wood (20) . For each line, there were two plates containing two worms transferred daily during their reproductive period. After the reproductive period, the replicates were combined and worms were scored 5-7 times per week and transferred 2-3 times per week. The whole assay was replicated twice, i.e., the lifespans of eight worms per line were measured. Worms observed not to be moving were scored as dead if they failed to respond to touch, showed a lack of osmotic turgor, or showed visible signs of decay (20) .
Estimation of Between-Line Variance. An ANOVA was used to estimate the between-line component of variance by partitioning the variance between and within lines. Additional effects fitted in the analysis were measurer (two people carried out the assay) and assay number (two levels). Measurer was nonsignificant in each generation for both productivity and lifespan. A significant assay number effect was detected in generation 32 for both productivity (P ϭ 0.004) and lifespan (P ϭ 0.03), but the effect was nonsignificant for data from generations 0 and 60.
Maximum Likelihood (ML) Estimation of U and Inference of the Distribution of Mutation Effects. The observed distribution of estimated productivities (or lifespans) of the MA lines from different generations provides information on the underlying genomic mutation rate and distribution of mutation effects. However, the lack of prior knowledge of the form of the distribution of mutation effects requires that some distribution be assumed and its parameters estimated in the model. A ␥ distribution was chosen for modeling purposes because it can take a wide variety of shapes (21) . The density function for the ␥ distribution of effects, a, is:
where ␣ and ␤ are scale and shape parameters, respectively, and are estimated, and ⌫(.) is the ␥ function. In principle, it is possible to use data from several generations in the ML analysis (16) , but for reasons of computational feasibility, the analysis was restricted to data from generations 0 and 60 only, which should be independent and most informative. Individual observed values, Zi, were assumed to be the sum of effects of an unknown number of mutation effects, a normally distributed environmental effect, plus the overall population mean. The number of mutation events per generation was assumed to be Poisson distributed with parameter U. The likelihood, L, of an observation Z i from generation t was computed according to an additive genetic model,
where ƒ(x) is the normal density function, p(y͉z) is the Poisson distribution function for y mutation events given an expected number z, and and E 2 are the population mean and residual variance, respectively, estimated as parameters. To allow for the possibility of some mutations increasing fitness, the ␥ distribution was reflected at 0, with proportions 1 and 1 Ϫ 1 of mutations increasing and decreasing productivity, respectively, and 1 also was estimated as a parameter in the likelihood evaluation. Monte Carlo integration was used to compute the likelihood of the data as a function of the model parameters (U, ␣, ␤, , E 2 , 1 ), and the overall log likelihood (⌺lnL) was the sum of lnL for the independent observations (16). Evaluation by numerical integration also is possible, and gives essentially the same results as the Monte Carlo method (P.D.K., unpublished work). Approximate confidence limits were inferred by computing profile likelihoods with respect to individual parameters, with 95% confidence limits corresponding to a drop in ⌺lnL of 2 from the maximum. Estimation of U and mutation distribution parameters by ML is superior to the method of inference used in classic MA experiments in Drosophila [which relies on information in the change of mean and between-line variance only (8-10)] because ML uses all of the information available in the distribution of phenotypic values of the lines.
RESULTS
Changes of Mean and Variance of Lifetime Productivity. As expected, an accumulation of spontaneous mutations led to an FIG. 1. Fixation probability of a new mutation occurring in a self-fertilizing line plotted against its selection coefficient s. The fitnesses of the wild-type, heterozygote, and mutant genotypes were 1, 1 Ϫ hs, and 1 Ϫ s, respectively. For the case of selfing, it can be shown that the function relating fixation probability (u) and s is u ϭ (1 Ϫ s)͞(2 Ϫ s), and the mean time to fixation or loss is three generations. Fixation probability is independent of h, the degree of dominance of the mutation.
increase in the among-line variance of the number of progeny produced (Fig. 2) . However, the change in mean productivity over the 60 generations was very small. The estimated rate of change of productivity was Ϫ0.030% per generation (SE 0.03%). An ANOVA was used to estimate the between-line variance component V L . The increment in variance per generation from mutation, V M , is related to V L according to V L Ӎ 2tV M , where t is the generation number (22) . V L was nonsignificant for generation 0 (P Ͼ 0.1) but significant for both generations 32 and 60 (P Ͻ 0.01). The V M estimate obtained by a weighted regression of V L on generation number was 1.2 ϫ 10 Ϫ3 of the environmental variance (bootstrap SE 0.8 ϫ 10 Ϫ3 ). Therefore, the heritability increased by 0.12% per generation from mutation, a typical figure for life history traits (23) . The mutational coefficient of variation, CV M ϭ ͌ V M ͞mean productivity, was 1.2%, also a typical figure (23) . The distribution of progeny number at generation 60 (Fig. 3) shows that the increase in variance was caused largely by a few lines, presumably carrying major mutations reducing fitness, and the majority of MA lines had productivities within the range for generation 0. With the experimental design used here, mutations with lethal or nearly lethal effects were not maintained in the lines (Fig. 1) .
Genomic Mutation Rate and Distribution of Mutation Effects for Productivity. The haploid genomic mutation rate per gamete per generation, U, was estimated by ML. The analysis gave an estimate for U of 0.0026, with approximate 95% confidence limits of Ϸ0.001 and 0.01, respectively. The mean mutational effect on productivity was estimated to be 21% (with 95% confidence limits of 6% and 29%). Effects on productivity were inferred to be exclusively negative although the upper limit for the proportion of mutations increasing productivity was 28%. A ␥ distribution of mutation effects with a very high value for ␤ (i.e, a distribution for which all effects were approximately equal) gave the best fit to the data; ␥ distributions more leptokurtic than an exponential distribution (␤ Ͻ 1) were found to be significantly less likely than the ML distribution. An estimate of the number of lines containing a mutation is therefore 2 ϫ 0.0026 (estimated diploid mutation rate) ϫ 48 (surviving lines) ϫ 60 (generations) ϫ 1͞2 (probability of fixation) Ӎ 7, a figure that agrees well with the appearance of the distribution of productivities of the lines at generation 60 (Fig. 3) . The predicted change in mean productivity is 2 ϫ 0.0026 ϫ 60 ϫ 1͞2 ϫ 21% (mean mutant effect) Ӎ 3%, which is similar to the observed change (2%; Fig. 2) . Thus, the results of the analysis imply the occurrence of few mutations of large effect decreasing productivity (but mutations of small effect were not detected) and is consistent with the observation of an increase in variance between lines with little decrease in mean productivity (Fig. 2) . A model with a mixed distribution of mutation effects in which a fraction of effects are equal and the remaining fraction have effects sampled from a ␥ distribution (24) did not give a significant increase in likelihood. Comparison of the numbers of progeny produced on different days suggested that mutation accumulation led to slightly reduced productivities in days 1 and 2 of the assay, but the reduction was partially offset by increased productivity in day 3. The overall effect was small, however, because Ϸ80% of progeny were produced in days 1 and 2 (data not shown).
An alternative method to infer the genomic mutation rate was devised by Bateman (25) , in which mutation effects are assumed to be equal, and U is equated to the ratio of the square of the change of mean fitness to the change of variance, U ϭ M 2 ͞V (9). Application of this formula gives an estimate for U of 0.076 2 ͞8.89 ϭ 0.00065 and an estimate of the mean mutation effect of V͞M ϭ 117 worms ϭ 46%.
Lifespan. To investigate the effects of random fixation of spontaneous mutations on lifespan, we measured lifespan of worms from the MA lines and from the generation 0 replicates. The life expectancy curve showed only minor changes in shape after 60 generations, and mean lifespan was reduced only slightly (Fig. 4) . The genetic variance for lifespan increased at the rate per generation of 4 ϫ 10 Ϫ4 of the environmental variance of the trait (CV M ϭ 0.5%), but for this case the increase in variance was nonsignificant. A minimum estimate for the haploid genomic mutation rate for lifespan obtained by maximum likelihood was 0.0015.
DISCUSSION
The principal finding of this study is a very small decrease in mean reproductive output (Ϸ0.03% per generation) from the random accumulation of spontaneous mutations, but heritable variation from mutation increased at a rate similar to that observed previously for life history traits in other species (23) . The negligible change of mean reproductive output in C. elegans contrasts sharply with the large reductions of mean viability seen in mutation accumulation experiments in Drosophila (8) (9) (10) . The Drosophila experiments involved the accumulation of mutations on replicated, intact second chromosomes sheltered from natural selection by balancer chromosomes. Mean viability was observed to decline by 1-2% per generation relative to the balancer when extrapolated for the whole Drosophila genome. In common with all mutation accumulation experiments, including the present one, viability and fertility selection would not have been completely eliminated. A large part of the drop in viability was inferred to be due to the accumulation of mildly deleterious mutations with effects of 1-2% occurring at the rate of Ϸ0.5 events per haploid genome per generation (5-7). Our analysis shows that such a large class of mildly deleterious mutations is essentially absent in C. elegans or that their effects are so small as to make their presence undetectable. This result is important because the consequence of deleterious mutation for long term survival of populations is very sensitive to the fraction of mutations with small effects. For constant U ϫ average effect, vulnerability of populations to deleterious mutation accumulation is greatest with small average effects and high U because fates of mutant alleles with small effects are most strongly influenced by genetic drift (14, 15) .
In E. coli, a minimum estimate for the deleterious mutation rate for fitness of 0.0002 recently has been obtained (26) . By accounting for the difference in genome size and the number of germ line divisions between E. coli and Drosophila, an adjusted estimate for U in E. coli corresponds closely to the minimum estimate of the genomic mutation rate for viability in Drosophila (Ϸ0. 3; refs. 5-7) . If the C. elegans data are analyzed by the same Mukai-Bateman technique as above (9, 25) , our unadjusted minimum estimate for U is 0.0006, i.e., Ϸ3 times higher than the minimum estimate for E. coli. The adjusted figure is 100 times smaller than the minimum estimated rate for Drosophila, i.e., 0.0006 (estimated U) ϫ 1.7 (ratio between Drosphilia melanogaster and C. elegans genome sizes) ϫ 3 (approximate ratio between Drosophila and C. elegans number of germ line divisions) Ӎ 0.003.
The C. elegans genome contains Ϸ1.7 times fewer base pairs than Drosophila (27, 28) , but the species have similar numbers of genes; current estimates are in the ranges 13,100-17,800 and 12,000-16,000 respectively (29, 30) . Estimates of their per locus mutation rates also are similar (27, 31) . Furthermore, measured lethal mutation rates differ by only a factor of 3; spontaneous lethal mutations accumulate at the rate of Ϸ0.01 in Drosophila (7) , and in C. elegans the corresponding rate is Ϸ0.004 (32). A fundamental difference in underlying mutation rates is not, therefore, a plausible explanation for the difference in detectable genomic mutation rates for life history traits between the two species. There are at least three possible explanations that could account for the different mutation rate estimates. First, in the Drosophila experiments involving balancers, the trait measured was competitive viability. A competitive environment is likely to reveal greater differences between genotypes than a noncompetitive assay, as used here (33) [although ''quasinormal'' chromosomes in the experiments involving balancers showed surprisingly little genetic variance (24) ]. However, mutational variation in Drosophila for major fitness components assayed noncompetitively accrues at as high a rate as for competitive viability (23, 34) . Also, the contribution to the deleterious mutation load from ethyl methanesulfonate-induced mutations affecting fertility and other life history traits assayed noncompetitively may actually be higher than the contribution from competitive viability (7) . A second explanation is that Drosophila could suffer from classes of mutation event, for example transposable element insertions, that occur at a high rate and have mildly deleterious effects. Artificially induced P-element insertions in autosomes of Drosophila have large average effects on viability (35) but effects of only Ϸ1% when inserted into the X chromosome (36) , and it is possible that other classes of element also generate mutations mostly with small fitness effects. Such an explanation would imply that estimates of U from Drosophila are not generally applicable because transposition rates vary widely (37, 38) . Finally, the large apparent reductions in mean viability of Drosophila chromosomes in mutation accumulation experiments involving balancers were accompanied by unexpectedly small increases in the between-line variance, raising the possibility that the changes of mean viability were artifacts (24) . Evolution of the balancer system fueled by variation from gene conversion appearing de novo in the balancer stock is a possible mechanism.
The paradigm of a high rate for mildly deleterious mutations from chromosome balancer experiments in Drosophila has posed a major theoretical problem for the long term survival of populations, particularly for species with low normal reproductive capacities, like humans (5) (6) (7) (13) (14) (15) . In C. elegans, we have measured a deleterious mutation rate at least 100 times smaller than previously assumed, and we did not detect minor deleterious mutations. Our estimated average mutation effect was 10 times larger that that for the Drosophila balancer studies. Our findings are consistent with recent observations of small changes in fitness traits in long term Drosophila mutation accumulation experiments not involving balancers (34) and with the persistence of some small populations. 
